Graduate Theses, Dissertations, and Problem Reports
2022

Comparison of Maintenance Cost of Medium and Heavy-Duty
Alternative Fuel and Diesel Vehicles
Isaac C. Boyce
West Virginia University, icb0002@mix.wvu.edu

Follow this and additional works at: https://researchrepository.wvu.edu/etd
Part of the Other Mechanical Engineering Commons

Recommended Citation
Boyce, Isaac C., "Comparison of Maintenance Cost of Medium and Heavy-Duty Alternative Fuel and Diesel
Vehicles" (2022). Graduate Theses, Dissertations, and Problem Reports. 11586.
https://researchrepository.wvu.edu/etd/11586

This Thesis is protected by copyright and/or related rights. It has been brought to you by the The Research
Repository @ WVU with permission from the rights-holder(s). You are free to use this Thesis in any way that is
permitted by the copyright and related rights legislation that applies to your use. For other uses you must obtain
permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license
in the record and/ or on the work itself. This Thesis has been accepted for inclusion in WVU Graduate Theses,
Dissertations, and Problem Reports collection by an authorized administrator of The Research Repository @ WVU.
For more information, please contact researchrepository@mail.wvu.edu.

i

Comparison of Maintenance Cost of Medium and Heavy-Duty Alternative
Fuel and Diesel Vehicles
Isaac Boyce
Thesis Submitted to the Benjamin M. Statler College of Engineering
and Mineral Resources at West Virginia University
in partial fulfillment of the requirements for the degree of
Master of Science
in
Mechanical Engineering
Arvind Thiruvengadam, Ph.D., Chair
Gregory Thompson, Ph.D.
V'yacheslav Akkerman, Ph.D.
Department of Mechanical and Aerospace Engineering
Morgantown, West Virginia
2022
Keywords: Diesel Engine, Alternative Fuels, Maintenance Cost, Heavy-Duty,
Medium-Duty, Vocation

Copyright 2022 Isaac Boyce

ii

Abstract
Comparison of Maintenance Cost of Medium and Heavy-Duty Alternative
Fuel and Diesel Vehicles
Isaac Boyce
This study was conducted to provide an in-depth analysis of the differences in
maintenance cost with the use of alternative fuel and diesel in medium (MD) and heavy-duty
(HD) vehicles. With the push toward lower emissions from transportation vehicles for a cleaner
future, the United States of America (US) has incentivized the conversion from the use of
conventional fossil fuel, diesel, to lower carbon alternatives. With the increased potential for the
use of alternative fuels, an investigation is warranted to understand the differences. This
comparison included natural gas, liquified petroleum gas (LPG), and diesel fuel. Diesel fuel is
currently the primary fuel source for medium and heavy-duty vehicles of numerous vocations.
The vehicles were sampled from the following fields of operation: such as school buses, urban
delivery vehicles, and goods movement. The maintenance categories of engine and transmission,
as well as exhaust and emission components demonstrated the lowest overall maintenance cost
for maintenance of alternative fuel vehicles compared to diesel fuel. Natural gas and LPG
powered MD and HD vehicles had consistently lower average maintenance costs in these
categories over the useful life of the vehicles. This conclusion is independent of the vehicle’s
vocations, for the vocations considered within this study. Highlighting the benefits and
drawbacks of converting to alternative fuels for medium and heavy-duty vehicles provides the
knowledge needed for end users and fleet managers to make an informed decision when
purchasing a new fleet vehicle.
The results of this study showed the differences on a cost per mile basis over the life of
the vehicle. Natural gas school buses were, on average, 80 percent less expensive to maintain
than diesel buses and LPG buses were 62 percent less expensive, on average, compared to diesel.
Delivery vehicles favored the alternative fuels with an LPG average maintenance cost that was
23 percent less expensive, on average, than diesel. Alternative fueled goods movement vehicles
demonstrated a lower average maintenance cost of 40 percent, on average, compared to diesel
fueled vehicles.
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Chapter 1: Introduction and Objectives
1.1 Introduction
The road transportation industry has evolved from the use of horse-drawn wagons in the
1800’s to high-capacity vehicles utilizing large displacement diesel engines capable of travelling
thousands of miles a week transporting over 25 tons. Diesel has been the fuel of choice for
medium and heavy-duty vehicles for the distribution of goods, urban delivery, refuse services,
and school and transit buses. As technology develops, the conversion to alternative fueled
vehicles (AFV) has been a high priority by environmentalists and engineers to ensure a cleaner
future globally. Manufacturers are further motivated by incentives from the US, and other world
governments, to understand the importance of the reduction in emissions from diesel engines and
investigating ways to increase fuel economy. The differences between the AFVs and dieselpowered vehicles are the method of combustion, the fuel system, the aftertreatment systems, and
the level of periodic maintenance performed on the vehicle. This study was conducted to
compare the overall maintenance costs for medium and heavy-duty vehicles powered by
alternative fueled engines versus diesel engines. To investigate the maintenance cost of the
vehicles, data was collected from the following vocations: school buses, delivery, and goods
movement vehicles for natural gas, LPG, and diesel. The overall cost of a vehicle is increased by
the fees associated with maintenance; however, proper maintenance will increase the life
expectancy of equipment.
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1.2 Objectives
1. Determine the average overall maintenance cost for the useful life of diesel and
alternative fueled medium and heavy-duty vehicles in the following vocations: school
buses, delivery, and goods movement.
2. Provide an economic analysis of the average overall cost per mile for diesel, natural gas,
and liquified petroleum gas powered vehicles in the three vocations over the useful life of
the vehicle.
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Chapter 2: Literature Review
2.1 Heavy and Medium-Duty Vehicles
The global movement of goods, services, and people have become essential to society. A
business must be able to source parts and deliver products to customers. Medium and heavy-duty
vehicles are critical for these activities and many more. Medium-duty (MD) and heavy-duty
(HD) vehicles move various products from coast to coast, region to region, and within cities.
Vehicles shown in Figure 1 have a gross vehicle weight rating (GVWR) of 26,001
pounds and above are classified as heavy-duty (AFDC, 2022). GVWR includes the weight of the
vehicle and the load being transported. Heavy-duty vehicles are classified into two categories
Class 7 and Class 8. Class 7 vehicles have a GVWR of 26,001 to 33,000 pounds and include
transit buses, tow trucks, home fuel delivery trucks, refuse trucks, and furniture moving box
trucks (AFDC Maps and Data, 2022). Class 8 vehicles have the largest GVWR of 33,001
pounds, or greater, with the vehicles used as heavy semi-tractors, semi-sleepers, tour buses, fuel
delivery trucks, dump trucks, cement mixers, fire trucks and refrigerated box trucks, among
others (AFDC Maps and Data, 2022). These vehicles are necessary to the delivery of packages,
trash removal, people transportation, fuel delivery, and emergency services. Heavy-duty vehicles
are used in various vocations worldwide and, thus, have a significant impact on the global
emissions output. They are primarily powered by diesel fuel.
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Figure 1: Heavy-duty vehicles of Class 7 and Class 8 (AFDC Maps and Data, 2022)
Medium-duty (MD) vehicles are included in this study due to the impact of emissions
from their distribution activities inside of cities and other populated areas on the environment.
The stop and go drive cycle of these vehicles has a large impact on the global emissions output
and is important to mitigate with alternative fuels. The MD vehicles shown in Figure 2 have
weight ranges from Class 3 to Class 6 determined by a GVWR that spans from 10,001 to 26,000
pounds. Class 3 vehicles, have a GVWR rating of 10,001 to 14,000 pounds to include city
delivery trucks, minibuses, and walk-in delivery trucks. Vehicles with a Class 4 rating have a
weight range of 14,001 to 16,000 pounds. Examples of these vehicles are city delivery,
conventional vans, landscape utility, and large walk-in delivery trucks. Bucket trucks, city
delivery, and large walk-in delivery trucks are in a Class 5 rating. This class has a weight rating
of 16,001 to 19,500 pounds. The largest medium-duty vehicle class, Class 6 has a weight range
of 19,501 pounds to 26,000 pounds and includes beverage delivery trucks, school buses, single
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axle delivery vans, rack delivery trucks, and stake body trucks (AFDC Maps and Data, 2022). In
order to reach emission standards, engine manufacturers are constantly looking for alternative
fuel options. In conjunction with utilizing alternative fuels to decrease emissions, optimization of
vehicle components can have a direct impact on the overall efficiency.

Figure 2: Medium-duty vehicles of Class 3 through Class 6 (AFDC Maps and Data, 2022)
2.2 Truck Subcomponents
Medium and heavy-duty vehicles are complex machines with vast components to ensure
proper functionality and safe delivery of people and goods. The elements of the vehicle can be
broken down into subgroups for a closer comparison of maintenance requirements. The
subgroups are sorted in relation to their function. The five major subgroups that are investigated
in this study are engine and transmission, tire and brake, fuel system, exhaust and emissions, and
chassis.
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The engine and transmission group contains the engine, transmission, and all parts that
are replaced or repaired for proper operation. For example, this included, but was not limited to,
the replacement of transmission solenoids, turbocharger oil feed lines, and radiator components.
Tire and brake repair encompasses all components related to the vehicle’s tires and brake system.
Tires and brakes are important for the safety and drivability of the vehicle regardless of the
vocation. This subgroup has multiple maintenance tasks such as brake shoe replacement and
adjustments, tire replacement, and fittings. All of the vehicles have a fuel system, but the
material and structure of the fuel tank are different, along with the delivery system. The fuel
system includes the tank, fuel filters, fuel lines, and tank hardware along with fuel pumps. The
constituents of the exhaust and emissions system will vary among different vehicles due to the
different types of fuel and combustion processes. Aftertreatment systems are the main
component in this subgroup. The exhaust and emission group also includes hardware such as
hangers, clamps, and bolts.
Chassis was a broad term used for preventative maintenance (PM) categories ranging
from PM A, PM B, PM C, and PM D. Preventative maintenance describes procedures taken on
the vehicle on a periodic basis. PM A service consisted of a safety check on the entire vehicle
and lubrication to critical components. PM B service included all of PM A in addition to an oil
and filter change and an extensive inspection of the driveline. PM C combined PM A and B, an
alignment verification, inspection of driveline components, and an annual inspection for the
Department of Transportation (DOT). PM D contained an array of services such as seasonal
services, or scheduled upgrades performed on medium and heavy-duty vehicles (Heavy
Machinery, 2022).
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2.3 Diesel Fuel
There are various types of fuel that are used in the transportation industry: diesel, natural
gas (NG), biodiesel, electricity, and liquified petroleum gas (LPG) (AFDC, 2022). Diesel has
traditionally been the fuel of choice due to its high energy density of 42.9 MJ/kg (Wu, T, 2007).
Cetane is the industrial rating used to quantify a fuels’ combustibility, with higher numbers
indicating a higher propensity to ignite. Diesel fuel has a cetane rating between 40 to 55 on a
scale that ranges from 0-100. Due to its well-established and widespread use, the infrastructure
needed for diesel fuel use is prevalent and readily available in a majority of countries (Cunanan,
C, 2021).
Diesel fuel was an efficient choice when compared to alternative fuels, due to the higher
energy density and greater ability to withstand high compression ratios. The diesel engine has a
greater compression ratio than the AFVs with the fuels of natural gas and LPG. Diesel engines
used in medium and heavy-duty vehicles range from 5 to 15 liters of displacement. Compression
ratios of these engines are considerably higher than spark ignited platforms, which result in
greater cylinder pressure. Diesel engine components are constructed of cast iron and forged
materials which increases the strength compared to aluminum components used in lower
compression ratio spark ignited engines, and results in a longer life cycle. The combustion and
burning of diesel fuel produces chemicals that are released in the engine’s exhaust, such as
carbon monoxide (𝐶𝑂), nitrous oxides (𝑁𝑂𝑥 ), and particulate matter (PM). Expensive
aftertreatment systems are required to reduce the amount of pollution emitted into the
environment. These systems increase the maintenance and overall cost of the vehicle. The
modern diesel engine has been subjected to strict vehicle emission regulations across the globe,
particularly in the United States of America and European countries. Within the US, the
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Environmental Protection Agency (EPA) and the National Highway Traffic Safety
Administration (NHSTA) generated regulations and introduced new standards to reduce fuel
consumption and greenhouse gas emissions (Thiruvengadam, A., et al., 2020). Given the
restrictive regulations, diesel engine manufacturers are exploring an alternative fuel for HDV.
2.4 Alternative Fuel
The use of alternative fuel sources has been an important discussion since the EPA Clean

Air Act of 1970 which created initiatives to reduce motor vehicle emissions. In 1988, the
Alternative Motor Fuels Act established incentives for vehicle manufacturers for the production
of motor vehicles capable of operating on certain alternative fuels (AFDC Epact92, 2022).
“Alternative Fuels are defined by the Energy Policy Act of 1992: pure methanol, ethanol, and
other alcohols; blends of 85% or more of alcohol with gasoline; natural gas and liquid fuels
domestically produced from natural gas; LPG; coal-derived liquid fuels; hydrogen; electricity;
pure biodiesel (B100); fuels, other than alcohol, derived from biological materials; and P-Series
fuels (AFDC Laws 391, 2022).” The Clean Fuels grant program enacted in 1998 established
grants for transit companies to purchase alternative fueled buses, related equipment and or
facilities (Clean Fuels Grant Program, 2022). In 2015, the Fixing America Surface
Transportation (FAST) Act (Public Law 114-94) was enacted to add new provisions to the
alternative fuel vehicles infrastructure. This established the alternative fuel station corridors and
the authorization of the federal agencies to install electric charging stations (House Bill 114,
2022). The Bipartisan Infrastructure Law (BIL) continued to increase the investments in the
electric vehicle supply equipment, electric vehicle batteries, and light, medium, and heavy-duty
zero emission vehicles (AFDC Epact92, 2022). The alternative fuels infrastructure has continued
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to become more accessible and widespread throughout the United States of America. However,
when compared to diesel and gasoline there is less availability of alternative fuels for vehicles.
In order for companies, as well as state and local governments, to transition to the use of
alternative fuels there must be an incentive or advantage. The federal government provided
funding to the state departments of transportation, local governments, and transit agencies for
projects and programs that help to meet the requirements of the Clean Air Act through the
Congestion Mitigation and Air Quality Improvement Program (CMAQ ,2022). State Energy
Program Funding grants were distributed to states to assist in designing, developing, and
implementing renewable energy and energy efficiency programs. The purpose of these programs
was to reduce carbon emissions in the transportation sector by 2050 and to accelerate the use of
alternative transportation fuels for, and the electrification of, state government vehicles, fleet
vehicles, taxis and ridesharing services, mass transit, school buses, ferries, and privately owned
passenger and medium and heavy-duty vehicles (39). School buses, a class six vehicle, are a
prime candidate in the push for alternative fuel awareness due to the stop and go nature of the
drive cycle.
The US EPA Clean School Bus Program provided funding to eligible school districts for
the replacement of existing school buses with clean, alternative fueled or zero emission buses
(EPA Clean School Bus, 2022). Under the act, the EPA provided up to 100% of the funding for
the replacement bus, the charging equipment, or the new fueling infrastructure. The push to
alternative fueled vehicles has grown each year to be more mainstream with the goal to provide
the transportation industry with lower carbon fuels.
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2.5 Biodiesel Fuel
Biodiesel is a renewable domestically produced fuel that can be created from new and
used vegetable oils, animal fats, and recycled restaurant greases (AFDC Biodiesel Basics, 2022).
The creation of biodiesel stems from chemically combining any natural oil or fat with an alcohol,
methanol is most commonly used (Huang, D., et al., 2012). Biodiesel has multiple
concentrations, such as B100 (pure biodiesel), B20 (20% biodiesel, 80% petroleum diesel), B5
(5% biodiesel, 95% petroleum diesel), and B2 (2% biodiesel, 98% petroleum diesel). B20 was
the most common blend in the United States (AFDC Biodiesel Basics, 2022). Fueling
infrastructure for biodiesel utilized the existing pumps and storage tanks for petroleum-based
diesel. Emissions from burning biodiesel are lower than conventional diesel fuel due to
decreased carbon dioxide (𝐶𝑂2) levels (Basha, S.A., et al., 2009). The use of biodiesel fuel does
not reduce the NOx concentration in the tailpipe, if ran on stock engine management. However,
it can be reduced, if optimized within the engine control unit (ECU) with use of biodiesel sensors
that recognize the difference in concentration of the fuel (AFDC Fueling Stations, 2022).
Biodiesel engines also require expensive aftertreatment systems to reduce the pollution entering
the environment thus mitigating the impact of carbon monoxide (𝐶𝑂), nitrous oxides (𝑁𝑂𝑥 ), and
particulate matter (PM). In the US, Biodiesel B20 and greater. Biodiesel has an energy density of
37.24 MJ/kg and conventional diesel has 42.9MJ/kg (Benjumea, P., et al., 2008). The American
Society for Testing and Materials (ASTM) declared that vehicles manufactured after 1994 are
safe to use biodiesel fuel because it meets their qualifications and has minimal impact on the
performance of the engine. In 2017, nearly 80% percent of manufacturers approved blends of
B20 for some or all of their vehicles (AFDC Biodiesel Basics, 2022). Engines built prior to 2017,
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should avoid the use of B20 or higher fuel, unless their hoses, gaskets, O-rings, and other
elastomer components have been updated.
2.6 Natural Gas Fuel
Natural gas (NG) has recently become a fuel of interest for vehicle propulsion because
the molecular properties allow for a clean burn when fueling an internal combustion engine
(ICE) (Yoon et al., 2013). Natural gas consists of a gaseous mixture of simple hydrocarbons,
predominantly composed of methane (𝐶𝐻4 ). Only about two tenths of one percent of the natural
gas consumed in the US is used as transportation fuel (Natural Gas Fuel Basics, 2022).
Natural gas has been used in various platforms within the heavy-duty vehicle industry
such as port trucks, urban delivery, refuse trucks, and long-haul applications. The main
discouraging factor from the complete adoption of natural gas engines in the heavy-duty vehicle
industry was the lower torque output and power density compared to the diesel counterpart
(Yoon et al., 2013). Heavy-duty natural gas engines have developed from early adaptations
which only converted the fuel system to a port injection lean burn spark ignited platform (Yoon
et al., 2013). A stoichiometric combustion natural gas engine with a three-way catalyst (TWC),
similar to a gasoline spark ignited engine, was found to be effective in reducing 𝑁𝑂𝑥 emissions
on an 8.9L Cummins Incorporated engine when compared to a diesel particulate filter (DPF) selective catalyst reduction (SCR) equipped diesel engine (Quiros, D.C., et al., 2016). Vocations
that have high stop and go activity can benefit from a stoichiometric TWC natural gas engine
platform because of the cost-efficient low 𝑁𝑂𝑥 and PM technology (Yoon et al., 2013). Use of
the TWC allows for a simple aftertreatment system compared to the complex diesel
aftertreatment of DPF-SCR systems, thereby reducing maintenance cost.
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The development of a dual fuel system, natural gas, and diesel utilized a compression
ignition engine that was produced with the goal of achieving diesel engine performance with the
use natural gas. Natural gas was the main source of fuel, but combustion was initiated with a
pilot injection of diesel fuel (Faghani. E., et al., 2017). Dual fuel technology allowed for similar
diesel engine performance with regards to urban delivery within a range of up to 400 miles. The
lean diesel like combustion means the 𝑁𝑂𝑥 control could only be achieved with the use of SCRDPF aftertreatment, which resulted in a magnitude lower 𝑁𝑂𝑥 emission compared to similar
diesel engine technology (Thiruvengadam, A., et al., 2015). Natural gas was one of the more
popular diesel substitutes, but there are other fuels used in the medium and heavy-duty vehicle
fleets, such as LPG.
2.7 Propane Fuel
Propane fuel, also known as liquified petroleum gas (LPG), is a clean burning alternative
fuel made up of a three-carbon alkane (𝐶3 𝐻8 ) and is stored under pressure in a tank (Propane
Fuel Basics, 2022). Within the tank and under adequate pressure, the fuel is an odorless,
nontoxic, colorless liquid, but when no longer under pressure in the storage tank, the fuel
vaporizes. Propane is primarily used in its gaseous state for home and industrial energy needs,
such as cooking and heating, but also can be used as an engine fuel (NPGA, 2022). LPG has a
high-octane rating of 104 to 112 which makes the fuel an alternative for spark ignited engines
such as gasoline engines (Propane Basics, 2022). Octane number is the measure of resistance
against the pre-detonation of the fuel in a spark ignition ICE, gasoline is the benchmark ranging
from 87 to 93 for general consumer applications in the US (Rhys, A., 2014). Propane is a
byproduct of natural gas processing and crude oil refining but also can be made from biomass-
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based feedstocks, including used cooking oil, animal fats, or 20% dimethyl ether (Propane
Basics, 2022).
A study by Polk demonstrated the use of LPG as a Dual Fuel Technology that allowed
the reduction of emissions with diesel as the pilot ignition and LPG as the main fuel source (Polk
et al., 2014). 𝑁𝑂𝑥 emission reduction was directly correlated to an increase in the concentration
of propane injected, but the decrease was more evident with higher efficiency calculations. That
is one representation of propane being used as an alternative fuel to diesel with its properties
being like natural gas. Propane can be used as a dual fuel system in two different ways: pilot
injection of diesel with LPG as the main fuel source or used in an engine that can operate off of
LPG or gasoline. Using LPG as a primary source of fuel is very similar to using gasoline as a
fuel source for an engine. The propane engine operates similarly to a gasoline engine, but the
fuel system is different and can either inject the fuel as a vapor or a liquid. LPG powered
vehicles require larger fuel tanks to have the same range as gasoline powered vehicles, because a
gallon of LPG has 27 percent less energy than a gallon of gasoline (Propane Basics, 2022).
2.8 Fueling Infrastructure
In the United States, the diesel fuel distribution network as of 2021, covered the entire
country with approximately 160,000 service stations and 5,000 truck stops. This system, on
average, supplied approximately 140,000,000 gallons of diesel per day (DOE, 2022). Fuel
transport vehicles support the network by refilling underground storage tanks at fueling stations.
Consumer vehicle tanks are filled by a metering device. Metering is used to indicate how much
fuel was pumped from the storage tank and inform the operator of the cost of the fuel, as well as
track how much fuel has been pumped into the vehicle through the nozzle inserted into the
vehicle’s fuel tank.
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The 2010 Annual Energy Outlook (AEO2010) reported that 21.2 quadrillion British
thermal units (BTU) of natural gas were consumed in the United States across all sectors. With
the assumption that NG would replace 30% of the current fuel consumed for transportation, an
additional six to seven quadrillion BTU of NG would need to be produced (HD Insp: Fact sheet,
2022). Fuel station infrastructure requires equipment to compress and dry the gas, storage tanks,
piping, valves to control the flow of gas, and a metering and dispensing system. The time
required to complete a fill up was comparable to fueling with diesel. With the use of fast fill
pumps, which operate at a higher pressure, heat is generated in the line, therefore reducing the
total fuel capacity. Time fill stations can fill a vehicle at a single location over a longer time
period using low pressures which ensures a full fill up at 24,821 kPa (CNG Fueling Stations,
2014).
To be viable as a transportation fuel the gaseous mixture is compressed to pressures up to
24,821 kPa and the volume reduces to one percent of its standard volume at atmospheric pressure
(Natural Gas Fuel Basics, 2022). Natural gas can also take the form of a liquid when it is purified
and super cooled to -162°C. This process removes most of the auxiliary compounds resulting in
a fuel primarily constructed of methane with a small number of hydrocarbons (Natural Gas Fuel
Basics, 2022). Liquefied natural gas (LNG) is more energy concentrated than compressed natural
gas (CNG) with one gallon of CNG equaling one and a half gallons of LNG in energy density.
LNG is a more viable option for long-haul applications. LPG dispensers require similar
infrastructure as a conventional gasoline or diesel pump consisting of a storage tank and a pump
to drive flow from the storage tank to the vehicle (Propane Fuel Infrastructure, 2022). However,
LPG storage tanks can be located aboveground, and gasoline tanks are most commonly
underground at service stations. It is critical that LPG is stored and pumped under sufficient
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pressure to ensure that vaporization does not occur. The preexisting production capabilities, mass
distribution system, and storage facilities within the US for LPG are advantageous to vehicle
manufacturers who are considering conversion to this fuel source.
2.9 Maintenance
Proper maintenance services have been proven to extend the life of the vehicle as well as
the performance (Mourtzis, DE., 2016). The useful life of a heavy-duty vehicle as defined by the
Environmental Protection agency was 435,000 miles (EPA Clean Fuel, 2022). The act of
maintaining a vehicle is not a value adding activity, but it is required for proper functionality of
the equipment and must be done in regulated intervals (Felix J. Brandl, et al., 2020). Corrective
maintenance is maintenance performed to restore a non- or under-performing asset to an
operational or optimum condition (Corrective v. Preventative, 2022). Preventative maintenance
is maintenance done proactively on an asset with the goal of reducing failure and prolonging its
useful life (Corrective v. Preventative, 2022). Within preventative maintenance, there is periodic
maintenance, which is work that is performed on a regular basis based on manufacturer
recommendations or inspections mandated by law.
The state of California has the most restrictions and laws on the medium and heavy-duty
transportation sector. In the state of California, every 90 days the trucks have to undergo a Basic
Inspection of Terminals which ensure the safe operation of regulated vehicles by motor carriers
(Commercial Vehicle Section, 2022). During the BIT inspection, a California Highway Patrol
Motor Carrier Specialist will examine a sample number of regulated vehicles, their maintenance
records, and driver records to determine if the carrier follows safety rules and regulations
(Commercial Vehicle Section, 2022). The inspection process must be completed every 90 days.
A large push for emissions standards as well as maintenance standards come from the state of

16

California. The state board of California passed State Bill 210 which directed the California Air
Resource Board (CARB) to develop a new, comprehensive, heavy-duty interval maintenance
program to control emissions more effectively from on road, non-gasoline, heavy-duty vehicles
with a gross weight above 14,000 pounds, thereby encompassing all medium and heavy-duty
vehicles (HD Insp: Fact sheet, 2022).
The transportation industry has stringent rules and regulations on vehicle maintenance to
ensure proper functioning of the vehicles and the safety of people on the road. Compliance for
safe operation is outlined by the United States Department of Labor under (Source:53 FR 49384,
Dec. 7, 1988, unless otherwise noted). The rules establish the minimum standards for
commercial motor vehicles that are operated above the 10,001-pound weight limit (GovInfo,
2022). Part 393 outlines the parts and accessories necessary for safe operation by the federal
motor carrier safety administration. Title 49, Part 396 of the Code of Federal Regulations list the
rules and guidelines for the inspection, repair, and maintenance of the motor carrier industry. A
motor carrier transports passengers or property for compensation (FMCSA, 2022). Title 49, Part
396 goes in depth of the service and maintenance of the motor carrier vehicles to ensure their
safe functioning. Part 396.3 list the rules to follow with inspections of the vehicles as well as the
parts and accessories that affect the vehicle. This part also includes the requirement for
documentation of the inspections, maintenance, repairs, and other activities, including, but not
limited to testing safety equipment. Other sections of the main Part 396 include lubrication,
driver inspection reports, unsafe operations that should not be conducted, and many other
inspections to ensure proper operation of the vehicle motor carrier. Vehicle maintenance is
crucial to the safety of all people on the road, as well as the longevity of the vehicle, most
importantly the engine. In order for an engine to endure and perform at the maximum potential, it
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requires proper lubrication, adequate filtration, sufficient cooling, and for various other systems
to be operating efficiently.
2.10 Diesel Maintenance
Diesel engines have been the preferred technology in the movement of goods due to their
high torque and durability which has contributed to diesel being the preferred technology in
goods movement application (AFV Proposal, 2020). Poor diesel maintenance can result in a
failure of a component or part that leads to further problems for the entire vehicle. It is important
to maintain fuel injectors according to the manufacturer’s specifications to avoid a catastrophic
chain of events. Worn fuel injectors lead to excessive fueling and this results in high soot levels
which can clog the DPF, and the reduction in the level of fuel passing through the injector can
cause misfires. This is one example of a crucial component of the engine and the impact that it
has on the successful operation of the motor carrier vehicle. The other major components that are
important to maintain are the air filter, turbocharger, fuel filters, coolant, and the engine oil
(Heavy-Duty Maint., 2022). The engine must be kept in proper operating condition because the
aftertreatment is designed to work under optimal combustion. A large factor in the maintenance
of medium and heavy-duty vehicles is the aftertreatment system of the diesel engines. The
aftertreatment system is a large, expensive component designed to reduce emissions output. The
complicated system requires extensive training to service, thereby increasing the maintenance
cost of the vehicle (AFV Proposal, 2020).
2.11 Biodiesel Maintenance
The alternative fuel biodiesel is similar to diesel in performance, cetane number, and the
heat of the combustion. However, the fuel negatively impacts the maintenance of a diesel engine.
Biodiesel engines have similar maintenance concerns as petroleum diesel and require the same
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procedures as described above with additional complications. Clogged fuel injectors are a major
obstacle due to the properties of the fuel and the deposits that are a byproduct of the fuel
(Biodiesel PSU, 2022). Another component of the fuel system, the injector pump, suffers from
the inferior quality of the fuel. Biodiesel can coat the pump with varnish which reduces the
performance. Further, the engine oil can be contaminated with biodiesel because of a poor fuel
spray pattern that can cause blow-by that results in the loss of lubricity in the oil, the loss of oil
pressure, and a rise in heat, ultimately resulting in excessive wear on the components of the
engine. Other maintenance issues such as fuel filter clogging, difficult cold weather starts, and
fuel line leaks are due to the corrosiveness of the fuel. These hurdles can be mitigated with
proper maintenance scheduling. Engine manufacturers recommend reducing the maintenance
interval cycle by fifty percent when using biodiesel to ensure that fuel filters are not clogged, the
oil maintains proper lubricity, and the fuel has not oxidized in the fuel lines causing flow
restrictions (Biodiesel PSU, 2022). Biodiesel requires stricter guidelines than conventional diesel
for the maintenance of the diesel engine. Fuel quality is the most important factor of the
longevity of the system as well as the performance of the engine as a whole.
2.12 Natural Gas Maintenance
Natural gas vehicles provide soot free combustion as well as low 𝑁𝑂𝑥 emission output,
but the energy output of the engine is less than the diesel engine of similar displacement (AFV
Proposal, 2020). The early natural gas engines were a retrofitted diesel platform that was robust
and durable, but recently the engines have been designed on their own platforms. Natural gas
vehicles have the same components to conventional diesel engines, except for the parts that are in
respect to the fuel system, fuel delivery, injection components, ignition system, and the
aftertreatment system (AFDC CNG, 2022). The liquid fuel tank is replaced by a high-pressure
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vessel, the delivery lines are converted to transfer a gas or high-pressure liquid rather than diesel,
the ignition changes from compression ignition to a spark ignited platform, and the
aftertreatment system goes from a three-piece SCR-DOC-DPF system for a diesel engine to a
three-way catalyst (TWC) similar to a gasoline engine.
Maintenance on a natural gas engine has special considerations regarding the different
lubrications and other components when compared to the diesel engine. Engine oil has a sulfated
ash content, and every engine burns some oil, so the concentration of ash is a large factor in the
performance of a natural gas engine. Based on Cummins Westport specifications, the ash content
of NG oil must be lower than 0.6 percent, whereas diesel engine oil can contain up to 1.85
percent ash (Jackson, 2013). One major cost saving aspect of NG vehicles is the TWC that
requires no maintenance to operate at maximum potential. Another difference of natural gas
vehicles is the fuel system. An example of a natural gas fuel system is the Cummins-Westport
system that do not have fuel injectors, but an on-engine fuel regulator and fuel control valve. Air
is regulated by a butterfly throttle valve (Jackson, 2013). In order to inject fuel into the engine,
the fuel pressure regulator decreases the pressure for optimal efficiency. Another major
component to maintain on an NG engine is the spark plugs, which should be changed at
manufacturers’ recommended intervals to maintain efficient operation. Valve adjustments on
natural gas engines are more important than diesel engines to reduce the probability of knock.
2.13 LPG Maintenance
One of the many benefits of a liquid petroleum gas (LPG) engine is the ability of the
vehicle to operate using LPG as well as gasoline as a fuel source on the same platform. Mediumduty vehicles do not require the same amount of high torque output as that of a heavy-duty
vehicle. The fuel burns hotter and cleaner than the gasoline counterpart but does not require any
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alterations to the essential components of the vehicle, except the fuel system. The fuel tank has to
be altered to a high-pressure vessel and the fuel lines are changed to an LPG approved material
(AFDC Propane, 2022). The fuel injection system for an LPG engine can be of various
configurations. The most advanced system is a liquid phase direct injection which injects the fuel
directly into the combustion cylinder. Another method is the liquid phase injection which injects
the fuel as a liquid into the manifold where the vapor phase injection converts the fuel to vapor
before entering the intake manifold. The oldest system was where the fuel was converted into a
vapor and mixed with air before entering the intake manifold (Elgas, 2022).
The fuel system and the aftertreatment system of an LPG powered vehicle is similar to a
natural gas-powered vehicle. The aftertreatment system is the TWC, which requires little to no
maintenance for proper functioning and has a lower overall cost than the diesel aftertreatment
system. Another benefit of LPG is the abundance of engine parts due to sharing the same
platform as the gasoline engine. LPG is primarily used in medium-duty vehicles whereas natural
gas is used in the heavy-duty due to the engine platform and the power output. The oil ash
content requirements follow the same trend as the natural gas engine. According to Roush Clean
Tech, the recommended service parts that are commonly replaced on their LPG engines are the
fuel rail pressure control module, fuel pressure temperature sensor, fuel sender kit, inline fuel
filter, fuel injector, fuel injector parts, bleeder valve, and various other parts of the fuel system
(ROUSH, 2022).
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Chapter 3: Methodology
3.1 Experimental Setup
The purpose of the study was to compare the differences between alternative fueled
vehicles and diesel fueled vehicles in the medium and heavy-duty industry across multiple
vocations. The collection of data to perform this analysis followed the guidelines of the technical
proposal created by WVU CAFEE and the United States Department of Energy (DOE) (AFV
Propasal,2020). The proposal outlined all of the steps taken to collect the maintenance data as
well as the criteria selected to focus on the pertinent variations among the fuels. The data was
collected from various sources across the continental United States of America from private
corporations as well as government entities. The study partnered with Clean City Coalitions
across the country to reach fleets that possessed AFVs within their region of operation.
The data collection procedure included making a request of the individual sources to
share the detailed maintenance data for their fleet. Data was solicited for both the alternative
fueled vehicles as well as the diesel vehicles that perform the same task. Thus, allowing a direct
comparison from the same source. The vocations used in this study are within the criteria of the
medium and heavy-duty weight GVWRs discussed in the background. Specifically, Class 3
through 6 for medium-duty and class 7 and class 8 for heavy-duty vehicles were analyzed.
Within the six categories, the various types of vehicles that were evaluated in the study were
school bus, transit bus, refuse truck, urban delivery, goods movement, and vocational vehicles
(AFV Proposal, 2020). The data was collected from the different vocations and used as a
subgroup to classify the vehicles for a more in depth look at the impact of the vocation on the life
of the vehicle. Different vocations are defined by the service that the vehicle performs as well as
the drive cycle. For example, a refuse truck has a different drive cycle compared to a long-haul
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application, so the distinction was necessary to ensure accurate analysis of the data. The
maintenance data included all of the tasks that the fleets performed on their vehicles over the
time interval ranging from June 2015 to June 2022. The maintenance was recorded in Microsoft
Excel with each data entry following the same format. The format consisted of entering the VIN
number, unit number, date, and mileage at time of repair, fuel type of the vehicle, part of the
truck where the repair was performed, owner of the truck, total cost of the repair, what type of
repair, a description of the repair, and the vocation.
Table 1 represents the format of the data entry for the various entries for one’s fleet
maintenance record. Each fleet was given a distinct name to identify the origin of the data. The
column header format was used across multiple sheets of Microsoft Excel that were labeled
according to the fleet name. The distinct column headers were important for the differentiation of
the data and analysis. The VIN number is the vehicle identification number and was primarily
used to track the different vehicles. In order to maintain anonymity of the fleets, it was not used
in the data. A unit number was assigned as an alternative way to differentiate the data because
some of the vehicles did not have a VIN. The date column indicated when the repair occurred,
and the mileage column corresponded with the date of the repair. These data points were
important in analyzing the service life of the vehicle to highlight repair trends.

Table 1: Data format for maintenance records.
VIN Unit #

Date Mileage Fuel Part of Total Type of
Truck Cost Repair

Description Vocation
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The fuel column was entered to ensure the distinction between the different fuels within
the various fleets. Diesel, natural gas, and LPG powered vehicles were the three fuel sources
observed due to popularity and availability. Diesel fuel was used as the control because it is the
most widespread fuel in the medium and heavy-duty industry, and it has the largest established
fueling infrastructure. When studies are performed for alternative fuels, diesel performance is
referenced as the benchmark.
The part of the truck column was separated into five distinct subgroups. The five groups
were engine and transmission, tire and brake, fuel system, exhaust and emissions and chassis.
The use of different categories allowed for an in-depth comparison of the impact of the different
types of fuel on the various parts of the vehicle. The subgroups were all named for the
components that were related to the repairs except the chassis section. The chassis group was the
name for the periodic maintenance that was conducted on the vehicles.
The next column included the total cost of the repair for that entry of date and mileage. A
large portion of the data were broken down into very detailed descriptions that were not essential
for this data reduction. The parts breakdown was summarized into one description based on the
overarching repair that was performed. For example, a turbocharger replacement could consist of
the replacement of bolts, gaskets, fluids, lines, and other parts, but the repair would be depicted
as a turbocharger replacement with the smaller parts included in the total cost.
The column labeled type of the repair categorized each repair on a particular vehicle into
one of three subcategories: corrective, periodic, and preventative repairs. Corrective repair
described tasks performed on the vehicle that involved replacing components, repairing critical
systems, and other jobs with a cost of over $100. Corrective repairs can also be defined as
replacing components that should last the life of the vehicle if properly maintained on the
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recommended service intervals. Periodic repairs are performed on a regular basis to ensure
proper function of the vehicle. An example of a periodic repair is an engine oil change,
replacement of fuel filter, spark plug replacement, and other repairs that occur on a mileage or
time interval. Preventative repairs are performed to avoid the need for a corrective repair. The
difference between preventative and periodic repairs are preventative repairs consist of minor
repairs under $100 that are completed to mitigate the risk of failure. An example is greasing a
chassis component or adjusting the brakes after an oil change. The task was not scheduled but
was performed to reduce wear, increase component life, and ultimately prevent down time of the
vehicle.
The description column provided a detailed account of the repairs performed which
supported further analysis of the frequency of repairs. The vocation column was important to
ensure correct comparison of the different fuel type vehicles in the field in which they operated.
Repairs such as electrical issues, interior repairs. trailer attachment components, and other tasks
that would be consistent throughout the different fuels were included in dataset. These data were
not relevant to the study and were omitted.
3.2 Cost per Mile Calculations
The analysis was performed by using Microsoft Excel and MATLAB programming
techniques. The next step checked for inconsistencies, duplicate entries, negative values,
chronological mileage and date agreement, and other defects to ensure proper analysis. The data
was then sorted by fuel type diesel, natural gas, and LPG. MATLAB was used to calculate the
cost per mile for the individual vehicles. The sorted fuel data was imported into MATLAB from
Microsoft Excel. Only one fuel was analyzed at a time to reduce the complexity of the analysis.
Figure 7 in the Appendix shows a flow chart of cost per mile calculations code process.
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The first step in the script was to sort by the unit number and make each individual unit
number a unique variable. Second, the data was placed into bins by the unit number. Step three
sorted the data by the mileage value at which the repair had taken place. In order to calculate the
cost per mile, the data was sorted into 10,000-mile intervals. Cost per mile calculations were
completed individually for each unit number and then tabulated into a table for the final analysis.
After separating the individual unit numbers, all of the data that was connected to the first
unit number to find the average cost per mile for each 10,000-mile interval. This was performed
by the script which had conditional statements that allowed the data to be sorted by the mileage
of the repairs. The first condition was to find if there were any repairs for the first unit number in
the first 10,000 interval by an a conditional if statement. If there was a mileage value that was
less than 10,000 then the total cost for that repair would be added to the total cost for the 0-to10,000-mile interval. If there were no mileage values in the first 0-to-10,000 mileage interval, the
interval was given a zero for the average cost per mile. The next 10,000-mile interval was
checked with a similar conditional if statement until the first mileage value was identified for
that unit number.
Once the first mileage interval was found, the total cost for each of the repairs within that
interval were summed and divided by the mileage difference. The mileage difference was
calculated by taking the maximum mileage value within the 0-10,000-mile range subtracting
from the minimum mileage value for the unit number. The least mileage value for the individual
unit number was found by using the min function in MATLAB. This was important to normalize
the cost per mile calculations for all of the vehicles. After the first interval of mileage was
configured, the script used the same conditional statements as above for all of the proceeding
mileage intervals to determine the cost per mile as the vehicle increased in mileage. When the
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next mileage interval was found, the total cost of the repairs for that mileage interval were
summed together with the total cost value from the previous mileage interval to generate a new
total cost for the unit number. After the new total cost was tallied, the maximum mileage value
was found for the new mileage interval and subtracted from the least mileage value for the entire
unit number. The script continued to check every mileage interval and summed the total cost of
all the repairs of that interval with the previous values. The average cost per mile was then
calculated for each interval by taking the total cost for that interval and dividing by the maximum
value in that interval minus the minimum value of the unit number. After the unit number
reached the final mileage interval where data was included for the vehicle the script added the
cost per mile values to a table with column headers for each 10,000-mile interval. A table was
generated for each vehicle and included in a larger table for all of the unit numbers. After the
average cost per mile values were added to the table, the script went to the next unit number and
performed every calculation above for all of the mileage intervals.
Each of the unit numbers were calculated for average cost per mile and table was
exported to Excel with different mileage intervals. The average cost per mile values in the table
vehicle were divided into 50,000-mile intervals ranging from zero to 300,000 miles. For
example, the data within the 50K label would range from 0-49,999 miles and the next interval
was 100K which included 50,000 miles to 99,999 miles and the rest of the intervals followed
until 300,000. From 300,000 miles to 1,000,000 miles the data was sorted by 100,000-mile
intervals. After the exportation, the MATLAB workspace was cleared and the data for the next
fuel was imported. The same process was conducted for all three fuels. The next step for data
analysis was to identify the trends between the five subgroups of repairs on a cost per mile basis,
over the useful life of the vehicle. The average cost per mile was found for the individual
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subgroups by performing the same analysis as the overall average cost per mile calculations. The
difference was that the data was sorted by Microsoft Excel filters before being entered into
MATLAB. The data was sorted by fuel type and then by subgroups of repairs. The exportation of
the data to MATLAB followed the same procedures as the individual subgroup tables.
3.3 Data Analysis
The data was configured to identify the cost per mile for each vehicle and fuel type.
Using Microsoft Excel, the data was organized to show the cost per mile of diesel when
compared to the alternative fuels. The data was also sorted by vocation and graphed to illustrate
the comparison between the alternative fueled vehicles and diesel. A data analysis was
performed to compare the variation of the average cost per mile values by identifying the
maximum and minimum values of the data and comparing these to the average cost per mile.
The maximum variation value for each mileage interval was calculated to show the most
expensive average cost per mile vehicle for that mileage interval. The same calculations were
completed to identify the minimum value to show the least expensive average cost per mile
vehicle. The subgroup repair average cost per mile values were averaged across the useful life of
the vehicles. For example, the engine and transmission costs for the diesel school buses were
found by calculating the mean of the average cost per mile values over the useful life of the
vehicles. The same calculations were executed for all subgroups of all the fuel types for all the
vocations. A table was created using the values to illustrate the differences between the
alternative fuel and diesel vehicles for all vocations evaluated. The data analysis was performed
with a one standard deviation and was applied to data to determine the range plus or minus the
average for each individual subgroup.
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Chapter 4: Results
The results of this study were divided based on the vocations of the vehicles that were
studied. The three vocations were school buses, delivery vehicles, and goods movement vehicles.
Vehicles in these vocations were graphed and tabulated for alternative and diesel fueled vehicles.
Nine diesel school buses were recorded from three different fleets. Natural gas buses were
sampled from two different fleets and there were 11 total. The LPG school buses totaled 10 from
one fleet. The total number of delivery vehicles was five; three were powered by diesel, two
were LPG and all were representatives of the same fleet. Goods movement vehicles were
sampled from two different fleets and totaled 88 vehicles. Diesel fueled vehicles consisted of 17
of the 88 vehicles and the remaining 71 were natural gas.
4.1 School Bus Results
The overall average maintenance cost comparison of school buses showed the
relationship between the alternative and diesel fuel. The diesel average cost showed an increase
over a 150,000-mile interval. The diesel data showed the largest increase in maintenance cost
from the 50,000-mile interval to the 100,000-mile interval with the cost increasing over 0.15
dollars per mile ($/mile). The overall average costs per mile between the two intervals increased
by 7.67 times in corrective repairs performed on all nine of the buses in the 100,000-mile
interval. The corrective repairs for the 100,000-mile interval were 73 percent of the total cost of
the repairs performed. The two intervals of 50,000 mile and 100,000 miles were full intervals
whereas the 150,000-mile interval only ranged from 100,000 miles to 123,000 miles.
An assumption can be made that if the 150,000-mile interval data were complete the
overall average cost would be approximately 1.42 times more than the 100,000-mile range. The
cost exceeded 0.30 $/mile for the 150,000-mile interval which was the largest cost per mile
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interval for the diesel school buses. The data for the 150,000-mile interval consisted of 7 of the 9
buses. The variation of the diesel data was the largest in the 100,000- and 150,000-mile
increments. One of the three fleets performed high-cost corrective repairs on the engine and
transmission and tire and brake subgroups within the two intervals. These repairs increased the
averages for the overall cost of the vehicle which resulted in the variation lines shown in Figure
3. The 100,000- and 150,000-mile increments exceeded the scale of Figure 3 with values of
0.598 $/mile and 0.612 $/mile respectively.
The alternative fueled vehicles showed an overall lower average maintenance cost of the
11 buses recorded in the study. Within the 50,000 interval, eight of the 11 school buses were
recorded with 88 percent of the total interval cost being periodic maintenance repairs. The
100,000- and 150,000-mile intervals followed the same trend with the periodic repairs driving
the overall average maintenance cost per mile values for the natural gas school buses. Within the
100,000-interval, 82 percent of the total costs were periodic repairs for five of the 11. The
150,000-mile interval recorded three vehicles for periodic maintenance and consisted of 54
percent of the total costs. The natural gas data indicated an overall lower average under 10 cents
per mile for all mileage intervals. The natural gas data showed an inconsistent pattern between
the fleets recorded. Seven of the 11 vehicles recorded for natural gas had consistent maintenance
repair records whereas the other four possessed large averages on two of the three intervals. The
four vehicles exhibited an average cost per mile of 2.5 times greater than the seven vehicles from
the other fleet. These large variations were illustrated in the variation lines on the average cost
per mile bars shown in Figure 3 for the natural gas values.
The LPG buses were less expensive with average maintenance costs than the diesel, but
had a greater overall average cost compared to natural gas. The propane vehicles cost between
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the 50,000- and 100,000-mile intervals doubled. The large increase of corrective repairs between
the two intervals was the main factor of the cost discrepancy. The corrective repairs for the
50,000-mile interval were 40 percent of the total cost of repairs and the 100,000-mile interval
was 61 percent of the total. Corrective repairs between the 50,000 to 100,000 intervals increased
by 2.88 times, which was evident with the overall average cost per mile value shown in Figure 3
for the LPG vehicles. The variation in the propane average cost per mile values were depicted in
Figure 3 with the 100,000 having a larger deviation than the 50,000 intervals. Values of the
variation were from the high cost of repairs performed on the engine and transmission subgroup
as well as the tire and brake group. The two subgroups represented 81 percent of the total cost in
the 50,000-mile interval for the propane vehicles. The overall average maintenance cost of the
LPG buses increased by 1.88 times from the 50,000 to the 100,000-mile interval. For the
100,000-interval the two subgroups represented 80 percent of the total overall average cost of the
repairs performed on the propane school buses.
Figure 3 shows the average cost per mile in 50,000-mile intervals for all of the repairs
performed on school buses with different fuel types. The blue bars show the average cost per
mile for diesel, orange for natural gas, and grey for LPG. Variation lines in Figure 3 showed the
maximum and minimum recorded average cost per mile values for all of the data points. The
50,000-mileage range for diesel buses has an average value of 0.077 $/mile and a maximum
value of 0.160 $/mile and minimum value of 0.021 $/mile. At 100,000 miles the diesels had an
average cost per mile of 0.240 $/mile and a maximum value of 0.598 $/mile and a minimum
value of 0.047 $/mile. The third bar of diesel 150,000 had average cost per mile had an average
cost of 0.318 $/mile with a maximum value of 0.612 $/mile and minimum value of 0.045 $/mile.
The first natural gas school bus average cost per mile recorded on the 50,000 interval was 0.045
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$/mile and the maximum value was 0.094 $/mile and the minimum 0.022 $/mile. The second
interval of mileage 100,000, for natural gas had an average cost of 0.037 $/mile and the
maximum value of 0.045 $/mile and minimum value of 0.028 $/mile. The third natural gas
bar,150,000 had an average cost of 0.077 $/mile and a maximum value of 0.145 $/mile and a
minimum value of 0.038 $/mile. The natural gas vehicle had recorded data until the mileage
interval of 250,000 unlike the diesel school bus which terminated after the 150,000 range. The
natural gas school bus average cost for the 200,000-mile data point was 0.027 $/mile and had a
maximum value of 0.046 $/mile and a minimum value of 0.018 $/mile. The final natural gas
point on the 250,000 interval was an average cost of 0.020 $/mile and had a maximum cost of
0.023 $/mile and minimum value of 0.019 $/mile. LPG was also recorded for the school bus
vocation and had an average cost of 0.060 $/mile for the first interval of 50,000 and a maximum
value of 0.085 $/mile and a minimum value of 0.029 $/mile. LPG for the 100,000 had a value of
0.098 $/mile for the average cost and the maximum value of 0.165 $/mile and minimum value of
0.056 $/mile.

32

0.4
0.35

Cost per Mile ($/mi)

0.3
0.25
Diesel
0.2

Natural Gas
LPG

0.15
0.1
0.05
0
50

100
Mileage (Thousand Miles)

150

Figure 3: The relationship between diesel, natural gas, and LPG fueled school buses
average cost per mile of the different fuels. Data bars represent the variation of the data
with the maximum and minimum average cost per mile for the mileage intervals for the
different fuels.

The average maintenance cost of the subgroups showed the relationship between the
alternative and diesel fuels on a subgroup level of description. The diesel showed the highest cost
per mile on the engine and transmission, and exhaust and emissions. The natural gas vehicles
were more expensive than the diesel vehicles with respect to the fuel system and the chassis
subgroups. The propane buses were less expensive than the diesel and natural gas buses on the
components that were in comparison. The natural gas vehicles showed an almost identical cost
for the engine and transmission components compared to the LPG school buses. The natural gas
buses had the highest cost per mile average for the chassis subgroup.
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Table 3 shows the average cost mile cost of school bus repairs of different fuel types
broken down into different subgroups of the vehicle with respect to the vocation. Diesel, natural
gas, and LPG fuels were considered for this table and the five subcategories of places the
maintenance repairs are performed. The use of one standard deviation was applied to all recorded
values used for the average cost per mile value of the useful life of vehicle. The standard
deviation used measures how widely the values are dispersed from the average cost per mile
calculated. Diesel engine and transmission repairs were the highest with a value of 0.113 $/mile
and the lowest cost in the natural gas with an average cost of 0.041 $/mile and the average cost
of LPG with a value of 0.040 $/mile. The standard deviation for the engine and transmission
column had values of ±0.058 $/mile for diesel, ±0.031 $/mile for natural gas, and 0.016 $/mile
for LPG. The diesel school bus had the highest average exhaust and emissions cost of 0.048
$/mile and LPG with a cost of 0.020 $/mile with no data available for natural gas. The standard
deviation for the exhaust and emissions column had values of ±0.015 $/mile for diesel, LPG was
±0.000 $/mile. Tire and brake average maintenance cost for the diesel engines was 0.148 $/mile
and the LPG average cost was 0.046 $/mile. The standard deviation for the tire and brake column
had values of ±0.086 $/mile for diesel, and there were no values for natural gas school buses in
this subcategory and LPG was ±0.015 $/mile. The fuel system average cost to repair was the
highest in the natural gas school buses with a value of 0.048 $/mile and the diesel was 0.015
$/mile with the no data available for the LPG school buses fuel system. The standard deviation
for the fuel system column had values of ±0.005 $/mile for diesel, and there were no values for
LPG buses in this subcategory and natural gas was ±0.043 $/mile. Chassis repairs on school
buses during their useful life was the highest for the natural gas with a value of 0.092 $/mile,
diesel second with 0.061 $/mile and the least for the LPG, 0.029 $/mile. The standard deviation
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for the chassis column had values of ±0.003 $/mile for diesel, ±0.009 $/mile for natural gas, and
±0.001 $/mile for LPG.
Table 3: Average Cost Per Mile ($/mile) for the Useful Life of School Buses.
Subcomponents

Diesel

Natural Gas

LPG

Engine & Trans. ($/mile)

0.113

0.041

0.04

Stand. Dev. ($/mile)

±0.058

±0.031

±0.016

Exhaust & Emiss. ($/mile)

0.048

N/A

0.02

Stand. Dev. ($/mile)

±0.015

N/A

±0.000

Tire & Brake ($/mile)

0.148

N/A

0.046

Stand. Dev. ($/mile)

±0.086

N/A

±0.015

Fuel System ($/mile)

0.015

0.048

N/A

Stand. Dev. ($/mile)

±0.005

±0.043

N/A

Chassis ($/mile)

0.061

0.092

0.029

Stand. Dev. ($/mile)

±0.003

±0.009

±0.001

4.2 Delivery Results
From 50,000 miles to 150,000 miles of the delivery vehicles lifespan, the average cost
per mile for diesel engines decreased over 0.100 $/mile and the average cost per mile for LPG
increased approximately 0.050 $/mile. The diesel delivery vehicles followed a decreasing trend
of average cost per mile as the vehicle increased in mileage. There were three diesel vehicles
under observation for the data shown in Figure 4. The 50,000-mile interval represented the
largest cost per mile with the value above 0.3 $/mile. The cost for that interval was due to the
high cost of corrective repairs, which were 78 percent of the total cost. The most expensive
repairs within that corrective cost were turbocharger replacements for two of the three diesel
delivery vehicles; these were depicted in the variation lines in Figure 4. The 100,000-mile
increment displayed a decrease in cost for the overall average cost per mile, but corrective
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repairs were more expensive for the 100,000-mile intervals than the 50,000-mile interval and the
periodic maintenance increased by 2.72 times and the preventative by 4.74 times. The corrective
repairs were 59 percent of the total repair costs. The variation of the data in the 100K interval
was smaller than the 50,000 interval and showed the expensive cost of tire and brake repairs on
the diesel vehicles. The difference between the 100,000- and 150,000-mile interval was nine
percent which was a very small amount when considering the overall average cost per mile
values. The 150,000 intervals showed a decrease in overall cost per mile following a negative
trend with all corrective and preventative types of repairs with lower values than the previous
interval. The periodic repairs were the only type to increase in cost from the 100,000 to 150,000
intervals by a factor of 1.08 and were 54 percent of the total costs of repairs. Lines of variation
for the 150,000 intervals showed a small difference between the maximum and minimum
indicating the majority of the data was close to the average cost per mile value calculated. The
50,000 and 100,000 intervals were driven by the corrective repairs whereas the 150,000 interval
was driven by the periodic maintenance costs.
After both vehicles completed the 150,000-mile range, there was a negligible difference
in maintenance costs between diesel and LPG but the average cost per mile increased for the
propane vehicles over the operation for the vehicle by a factor of 1.26 with the 150,000-interval
average cost with a value of 0.201 $/mile. Corrective and periodic maintenance repairs were
performed on the first interval, 50,000, with the periodic repairs consisting of 78 percent of the
total repair cost. There were no preventative repairs performed on the two LPG delivery vehicles
for the first interval. The variation of the data was consistent for all of the propane data, and this
was contributed to only recorded two vehicles. The 100,000 intervals saw an increase in total
repair cost in all three classifications of repairs. Corrective repairs increased by a factor of 1.84

36

and periodic repairs 1.31 times. The preventative repairs were recorded for one of the two
vehicles with a small contribution of 6 percent of the total cost and in contrast the periodic
repairs consisted of 67 percent. The last interval recorded was the 150,000 and showed a 12
percent increase in average maintenance cost compared to the 100,000-mileage range.
Figure 4 shows the average cost per mile in 50,000-mile intervals from zero miles to
200,000 for all of the repairs collected for delivery trucks using different fuels. The blue bars
show the average cost per mile for the diesel delivery vehicles and grey for LPG. The variation
lines in Figure 4 showed the maximum and minimum recorded cost per mile values for all of the
data points. The first diesel bar has an average value of 0.316 $/mile and a maximum value of
0.462 $/mile and minimum value of 0.052 $/mile. The second diesel bar has an average cost per
mile of 0.222 $/mile and a maximum value of 0.272 $/mile and a minimum value of 0.186
$/mile. The 150,000-mile bar of diesel had an average cost per mile had an average cost of 0.203
$/mile with a maximum value of 0.219 $/mile and minimum value of 0.189 $/mile. The 200,000
data point had an average cost of 0.197 $/mile and no maximum value or minimum cost per
mile. LPG was also recorded for the delivery vehicle vocation and had an average cost of 0.158
$/mile for the first interval of 50,000 and a maximum value of 0.187 $/mile and a minimum
value of 0.130 $/mile. LPG for the 100,000 had a value of 0.177 $/mile for the average cost and
the maximum value of 0.196 $/mile and minimum value of 0.159 $/mile. The last LPG delivery
interval recorded was 150,000 and the average cost was 0.201 $/mile with a maximum of 0.221
$/mile and a minimum of 0.181 $/mile.
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Figure 4: The relationship between diesel, natural gas, and LPG fueled school delivery
vehicles average cost per mile of the different fuels. Data bars represent the variation of the
data with the maximum and minimum average cost per mile for the mileage intervals for
the different fuels.

The propane and diesel delivery vehicles were analyzed for each component subgroup to
determine the cost differences. The propane vehicles had lower costs for engine and
transmission, and exhaust and emissions repairs. The chassis subgroup for the propane vehicles
was more expensive than the diesel vehicles. The largest difference in cost was exhibited in the
exhaust and emissions subgroup. The most expensive subgroup was the tire and brake for the
LPG vehicles and the least expensive was the exhaust and emissions for the LPG vehicles. The
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most expensive subgroup for diesel vehicles was engine and transmission, and the least
expensive was fuel system.
Table 4 showed the average cost per mile of delivery vehicles repairs of different fuel
types broken down into different subgroups of the vehicle with respect to the vocation. Diesel,
natural gas, and LPG fuels were considered for this table and the five subcategories of places the
maintenance repairs are performed. The use of one standard deviation was applied to all recorded
values used for the average cost per mile value of the useful life of vehicle. The standard
deviation used measures how widely the values are dispersed from the average cost per mile
calculated. Engine and transmission cost over the useful life period of the vehicles shows that
diesel vehicles have the highest cost of 0.159 $/mile, with LPG at 0.066 $/mile, and LPG with
the lowest of 0.056 $/mile. The standard deviation for the engine and transmission column had
values of ±0.066 $/mile for diesel and ±0.025 $/mile for LPG. Exhaust and emissions values
show that the diesel vehicles had the highest average cost of 0.144 $/mile and LPG with 0.006
$/mile. The standard deviation for the exhaust and emissions column had values of ±0.057 $/mile
for diesel and no value for LPG because of only one data point. Tire and brake average repair
costs showed that the LPG vehicles were the most expensive with an average cost of 0.171
$/mile, and diesel delivery with 0.096 $/mile. The standard deviation for the tire and brake
column had values of ±0.027 $/mile for diesel and ±0.0816 $/mile for LPG. The fuel system
shows repair cost average value being the diesel, 0.010 $/mile. There was no data for the LPG
vehicles. The standard deviation for the fuel system column had values of ±0.008 $/mile for
diesel. Chassis repairs on delivery vehicles during their useful life was the highest for the LPG
with a value of 0.080 $/mile and diesel with 0.041 $/mile. The standard deviation for the chassis
column had values of ±0.005 $/mile for diesel and ±0.007 $/mile for LPG.
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Table 4: Average Cost Per Mile ($/mile) for the Useful Life of Delivery Vehicles.
Subcomponents

Diesel

LPG

Engine & Trans. ($/mile)

0.159

0.056

Stand. Dev. ($/mile)

±0.066

±0.025

Exhaust & Emiss. ($/mile)

0.144

0.006

Stand. Dev. ($/mile)

±0.057

N/A

Tire & Brake ($/mile)

0.096

0.171

Stand. Dev. ($/mile)

±0.027

±0.082

Fuel System ($/mile)

0.01

N/A

Stand. Dev. ($/mile)

±0.008

N/A

Chassis ($/mile)

0.041

0.080

Stand. Dev. ($/mile)

±0.005

±0.007

4.3 Goods Movement Results
The average cost per mile values followed an upwards trend for all of the mileage
intervals recorded. The first interval of 50,000-mile consisted of 60 percent of the repairs in the
periodic category of the 10 vehicles sampled from two different fleets. For the 100,000 interval
the costs of the corrective and periodic repairs showed negligible differences, but larger than the
preventative repairs for the 12 vehicles observed. The 150,000-mile interval showed an increase
in corrective repairs 4 times greater than the previous mileage range and was the primary cause
of the increase in overall average cost of the 15 vehicles sampled. The number of vehicles for
each interval changed with the increase in mileage until the 400,000-mile range. The population
size of the vehicles was reduced to 4 for the 500,000- and 600,000-mile intervals. For the
700,000 mile through the 900,000 mile range the number reduced to three diesel vehicles. The
250,000- to 900,000-mile intervals were driven by increasing corrective repair costs. The
corrective repairs were the most expensive repair category. This trend was reflected in the
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increase in overall maintenance cost in Figure 5 for the diesel vehicles. The overall average cost
per mile increased by 82 percent over the 900,000-mile span. Preventative repairs for all of the
intervals of the diesel vehicles sampled were lower than the periodic and corrective repairs.
Diesel vehicles were sampled to the 900,000-mile interval which was 300,000 miles more
than the natural gas vehicles of 600,000 miles. The recorded maintenance for goods delivery
vehicles over the range of the first 600,000 miles displayed near constant average cost per mile
for natural gas vehicles shown in Figure 5. For natural gas vehicles the average cost per mile
maintained a value near 0.050 $/mile with the highest mile range of 500,000 miles at 0.080
$/mile. The total costs were driven by the periodic maintenance repairs for the first three mileage
intervals of 50,000-, 100,000-, and 150,000-mile. The 50,000- and 100,000-mile interval
periodic repairs were 69 percent of the total repair cost, and within the 150,000-mile interval the
periodic repairs consisted of 53 percent of the repairs. The total number of vehicles in the natural
gas goods movement data was 71 vehicles. No increment consisted of all 71 vehicles, the largest
interval with 61 vehicles was the 50,000-mile. The number of vehicles consistently decreased
over the study ending with six vehicles in the 600,000-mile interval. Intervals of 200,000 to the
600,000-mile showed a trend of more expensive corrective repairs than the other categories. The
corrective repairs increased as the mileage value of the vehicle increased until the 500,000-mile
interval. The 500,000 - and 600,000-mile range showed a decrease in cost over all the different
categories of corrective, preventative, and periodic. The last interval, 600,000-mile, only
sampled six vehicles, with a maximum milage of 561,661. When compared to the other full
intervals with quantities over 20 vehicles which resulted in the costs of the repairs to be on
average 5.50 times less expensive across the three categories. The result was the trend of the
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graph for the 600,000-mile interval to not increase in cost but to decrease in overall average cost
per mile which does not reflect the overall behavior of the data recorded.
Figure 5 shows the average cost per mile in 50,000-mile intervals from zero miles to
300,000 miles and then 100,000-mile intervals from 300,000 to 900,000 miles for all data
collected for goods movement vehicles of different fuels. The blue bars show the average cost
per mile for the diesel goods movement vehicles and orange for natural gas. The variation lines
in the figure showed the maximum and minimum recorded cost per mile values for all of the data
points. The first diesel bar on the interval of 50,000 has an average value of 0.056 $/mile and a
maximum of 0.173 $/mile and minimum value of 0.013 $/mile. The second diesel bar 100,000
has an average cost per mile of 0.069 $/mile and a maximum value of 0.218 $/mile and a
minimum value of 0.011 $/mile. The 150,000 bar of diesel had an average cost per mile had an
average cost of 0.093 $/mile with a maximum value of 0.251 $/mile and minimum value of
0.008 $/mile. The 200,000 data point had an average cost of 0.085 $/mile and a maximum value
of 0.212 $/mile and minimum cost per mile of 0.008 $/mile. The next interval was 250,000 with
an average cost of 0.124 $/mile and a maximum value of 0.288 $/mile and minimum value of
0.021 $/mile. The 300,000 interval was the last 50,000 interval studied. The average cost per
mile was 0.155 $/mile with a maximum value of 0.3 $/mile and a minimum of 0.016 $/mile. At
the 400,000 interval, the average cost per mile was 0.165 $/mile and maximum value was 0.296
$/mile and minimum cost of 0.022 $/mile. The 500,000 interval had an average cost per mile for
delivery vehicles of 0.136 $/mile, a maximum value of 0.187 $/mile and a minimum value of
0.019 $/mile. The data point at the 600,000-mile interval was a value of 0.204 $/mile for the
average, a maximum 0.265 $/mile and a 0.143 $/mile for the minimum cost. On the mileage
interval of 700,000, the average cost was 0.271 $/mile with a maximum value of 0.368 $/mile
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and a minimum of 0.167 $/mile. The next to last interval 800,000 mile for the diesel delivery
vehicles was an average cost of 0.303 $/mile with a maximum value of 0.373 $/mile and a
minimum of 0.185 $/mile. The last interval of recorded data for the diesel delivery vehicles was
the 900,000, and the average cost was 0.323 $/mile with a maximum value of 0.414 $/mile, and a
minimum of 0.233 $/mile.
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Figure 5: The relationship between diesel, natural gas, and LPG fueled goods movement
vehicles average costs per mile of the different fuels. Data bars represent the variation of
the data with the maximum and minimum average cost per mile for the mileage intervals
for the different fuels.

The first natural gas goods movement vehicle average cost per mile recorded on the
50,000 interval was 0.070 $/mile and the maximum value was 0.234 $/mile, and the minimum
0.003 $/mile. The second interval 100,000 for natural gas had an average cost of 0.046 $/mile, a
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maximum value of 0.144 $/mile and a minimum value of 0.005 $/mile. The third natural gas data
bar, 150,000 had an average cost of 0.044 $/mile, a maximum value of 0.114 $/mile, and a
minimum value of 0.005 $/mile. The natural gas vehicle had recorded data until the 600,000mileage interval, while the diesel had data up to the 900,000 interval. The natural gas goods
movement vehicle cost for the 200,000-mile data point was 0.058 $/mile and had a maximum
value of 0.270 $/mile and a minimum value of 0.007 $/mile. The next interval was 250,000 with
an average cost of 0.072 $/mile and had a maximum value of 0.243 $/mile and minimum value
of 0.011 $/mile. The 300,000 interval was the last 50K interval and the average cost per mile was
0.074 $/mile with a maximum value of 0.237 $/mile and a minimum of 0.012 $/mile. 400,000
the average cost per mile was 0.077 $/mile and maximum value was 0.127 $/mile and minimum
cost of 0.013 $/mile. The 500,000-mile interval had an average cost per mile for delivery
vehicles of 0.087 $/mile and maximum value of 0.142 $/mile and minimum value of 0.012
$/mile. The 600,000-mile interval was a value of 0.065 $/mile for the average and the maximum
0.110 $/mile and 0.012 $/mile for the minimum cost.
The natural gas and diesel goods movement vehicles were analyzed for each component
subgroup to determine the cost differences between the fuels. The natural gas vehicles were less
expensive for all of the subgroups of the vehicle. The fuel system was the largest difference in
cost between the two fuels and the tire and brake had the least amount of variance. The most
expensive subgroup was the exhaust and emission and the least expensive was the fuel system
for the diesel vehicles. The least expensive subgroup was the fuel system and the most expensive
was the exhaust and emission for the natural gas vehicles.
Table 5 above shows the average cost per mile of goods movement repairs of different
fuel types broken down into different subgroups of the vehicle with respect to the vocation.
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Diesel, and natural gas were considered for this table and the five subcategories of places the
maintenance repairs are performed. LPG was neglected from this table because there was no
collected data for the goods movement vocation. The use of one standard deviation was applied
to all recorded values used for the average cost per mile value of the useful life of vehicle. The
standard deviation used measures how widely the values are dispersed from the average cost per
mile calculated. The engine and transmission cost per mile was calculated with the highest fuel
source being diesel with a cost of 0.062 $/mile and NG 0.046 $/mile. The standard deviation for
the engine and transmission column had values of ±0.016 $/mile for diesel and ±0.015 $/mile
and natural gas. The exhaust and emissions costs of the vehicles were 0.064 $/mile for diesel and
0.052 $/mile for natural gas. The standard deviation for the exhaust and emissions column had
values of ±0.057 $/mile for diesel and natural gas was 0.052 $/mile. The tire and brake
subcategory diesel vehicles were higher in cost with a value of 0.038 $/mile compared to the cost
of NG, 0.023 $/mile. The standard deviation for the tire and brake column had values of ±0.012
$/mile for diesel and ±0.002 $/mile for natural gas. The fuel system average cost over the life of
the NG vehicle was 0.006 $/mile and diesel vehicles were 0.011 $/mile. The standard deviation
for the fuel system column had values of ±0.011 $/mile for diesel, and ±0.003 $/mile for natural
gas. The average cost per mile chassis repair cost showed the diesel vehicles were more
expensive to maintain with a value of 0.035 $/mile and the NG vehicles were 0.023 $/mile. The
standard deviation for the chassis column had values of ±0.029 $/mile for diesel, and ±0.023
$/mile for natural gas.
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Table 5: Average Cost Per Mile ($/mile) for the Useful Life of Goods Movement Vehicles.
Subcomponents

Diesel

LPG

Engine & Trans. ($/mile)

0.062

0.046

Stand. Dev. ($/mile)

±0.016

±0.015

Exhaust & Emiss. ($/mile)

0.064

0.052

Stand. Dev. ($/mile)

±0.057

±0.034

Tire & Brake ($/mile)

0.038

0.023

Stand. Dev. ($/mile)

±0.012

±0.002

Fuel System ($/mile)

0.011

0.006

Stand. Dev. ($/mile)

±0.011

±0.003

Chassis ($/mile)

0.035

0.023

Stand. Dev. ($/mile)

±0.029

±0.023
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Chapter 5: Discussion
Diesel and natural gas engines utilize similar internal components, but there are
fundamental differences such as compression ratio ranges, the fuel delivery system, and fuel
ignition. LPG engines share the same basic structure as gasoline engines with a different fuel
delivery system. These engines are smaller in displacement and operate at a higher revolutions
per minute (RPM) range than diesel engines.
Major differences between diesel and alternative fuel powered vehicles were identified in
the engine and transmission as well as the exhaust and emissions subgroups. The components
used in these subgroups are significantly different for each fuel type. The engine and
transmission subgroup costs are impacted by what the engine has to overcome to release the
combustion gas. The diesel engine is required to force the exhaust gas through a restrictive
aftertreatment system. Another factor to keep the engine emissions compliant with federal and
state regulations is performed by the engine control unit (ECU). The ECU controls the
combustion composition and ignition timing. The combustion composition includes recycled
exhaust gas and fresh air. This mixture influences the temperature in the cylinder to reduce the
amount of emissions generated while maintaining the desired power output. This method of
emission reduction is not most efficient way to produce power, therefore having a negative effect
on the engine components. The natural gas and LPG powered vehicles have less restrictive
aftertreatment systems due to the lower soot composition and stoichiometric combustion which
allows for a three-way catalyst to reduce the NOx, CO, and HC. There is no requirement for
periodic maintenance on the alternative fueled vehicles aftertreatment systems. However, this is
a large maintenance cost of the diesel-powered vehicle.
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The alternative fueled vehicles are spark ignited which adds a cost to the periodic
maintenance compared to diesel powered vehicles. A benefit of the spark ignited engine is the
reduced frequency of periodic maintenance. The frequency for the maintenance of a typical
diesel engine fuel system is twice that of a natural gas engine and three times that of an LPG
system. Diesel engines have an increased overall cost per mile due to the tendency to have a
longer life cycle. A typical diesel engine is in service for approximately 900,000 miles compared
to a natural gas engine which is in service for approximately 600,000 miles. Diesel engines are
built robust and capable of withstanding long duty cycles and to transport high load capacities
efficiently. The cost of having an engine with these capabilities requires durable materials which
ultimately increases the cost of the parts. Diesel component replacement parts are expensive and
due to the size and weight of the engine require extensive labor hours. The aftertreatment
components are complex and expensive to replace. Each vocation has a unique mileage range
requirement for the vehicles compared in this survey. Goods movement vehicles are required to
travel large distances between logistic hubs with the largest payload possible. This vocation
needs to be able to travel the high mileage with ease and the least number of stops to refill. The
average natural gas vehicle has a range of 550 to 700 miles on a full tank of fuel compared to the
1000 plus miles for a diesel truck.
School bus, transit bus, urban delivery, and other stop and go vehicles with a consistent
daily route show benefit from the use of alternative fuels. These vocations return to the same
filling station every day thus ensuring the ability to refuel. If the vocation is a long-haul
application, it may be difficult to find natural gas fueling stations within the limited mileage
range of the vehicles. Diesel fuel has a stable infrastructure that can guarantee a fueling station
within the range of the vehicle. Another aspect to compare between the different fuels would be
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the capacity of the vehicle to transport goods efficiently. Since the alternative fuels have a lower
energy density than diesel, the amount of power produced is lower than the diesel engine of the
same displacement. One engine comparison would be the Cummins X12 engine that offers a
diesel and a natural gas option. The engines share the same specifications of 12 Liters 6 cylinders
and are used in heavy-duty truck applications. The diesel engine has 350 -500 HP and 1250-1700
ft-lbs. of torque, whereas the natural gas engine has 320 – 400 horsepower and 1150 -1450 ft-lbs.
of torque (Cummins, 2022). The diesel engine generates 18 percent more torque available for the
transportation of the vehicle and the desired load. If the vocation requires the movement of a
heavy load and has a large amount of distance to cover then the efficiency of the natural gas
would be a concern. The current diesel engine is still the best choice for high mileage and heavy
weight transportation of goods. Based on the data collected, alternative fuel is an efficient option
for stop and go drive cycle vehicles. The adoption of alternative fueled goods movement vehicles
will be slow until the infrastructure for natural gas and LPG fueling stations becomes
widespread.
In the vocations of school buses and delivery vehicles, the maintenance cost of the
alternative fueled vehicles was on average lower than diesel powered vehicles. The natural gas
school buses were on average 80 percent less expensive, and the LPG powered buses were 62
percent less expensive than diesel. In the engine and transmission section for school bus
maintenance, as compared to diesel, the natural gas cost were 63 percent less expensive, while
LPG cost were 64 percent lower cost. In this study, no data was available for exhaust and
emissions maintenance costs for natural gas school buses. LPG school bus maintenance cost in
the exhaust and emissions section was 41 percent lower cost than the diesel-powered buses. The
LPG powered delivery vehicles were on average 23 percent less expensive to maintain than
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diesel powered vehicles. LPG delivery maintenance cost in the engine and transmission section
was 65 percent lower and exhaust and emissions cost were 58 percent lower than diesel delivery
vehicles. The drive cycle of school bus and delivery vehicles primarily consist of stop and go
activity. Stop and go activity can be detrimental to diesel aftertreatment systems due to the
increased frequency of engine idle time and periods of acceleration which generate increased
emissions. These factors of the cycle favor the alternative fuels for a more efficient trip and less
harm to the vehicle’s components. The alternative fueled buses and delivery vehicles have an
advantage over the diesel vehicles in the maintenance repair groups of engine and transmission
and the exhaust and emission.
In this study, the only alternative fuel for the goods movement vocation was natural gas.
The maintenance cost for natural gas goods movement vehicles were on average 40 percent
lower cost than the diesel, over the useful life of the vehicle. As compared to diesel, natural gas
goods movement maintenance cost in the engine and transmission section was 26 percent less
expensive, and exhaust and emissions repairs were 18 percent less costly. Goods movement
vehicles operate within a larger radius than the delivery vehicles discussed above. The drive
cycle of a goods movement vehicle is characterized by a high percentage of cruise operation and
a low occurrence of stop and go activity. With a continual drive cycle, the overall average cost of
maintenance still favors the natural gas vehicles. The natural gas vehicles have a lower amount
of engine and transmission repair work over the useful life of the vehicle. The exhaust and
emissions components follow the trend of the other vocations where the alternative fuels have a
lower maintenance cost. The periodic maintenance cost of the goods movement vehicles
powered by natural gas are less than diesel powered vehicles. This is the only vocation where
this occurs.
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The real cost of trucking in the United States was found to be $1.38 per mile for the
operating cost of a commercial truck. Of the 1.38 $/mi, the maintenance cost according to the
article was 0.12 $/mile for the vehicles (Truckers Report). The vehicle GVWR, mileage driven,
vocation, nor the age of the vehicles was not given for the article, however, the fuel of the
vehicles was given as diesel. The overall maintenance cost for the vehicles in the article were
compared to the overall maintenance costs of the goods movement vehicles in this study. One
could assume that goods movement vehicles were the subject, based on the correlation between
the article with a value of 0.12 $/mile and this study with diesel at 0.17 $/mile. The natural gas
vehicles were 50 percent less expensive than the article average with a value of 0.06 $/mile. This
comparison examined the overall maintenance cost and the effect the repairs have on the total
operating cost of the vehicle.
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Chapter 6: Conclusions and Future work
6.1 Conclusions
Maintenance cost is an important factor when a fleet owner purchases new vehicles. The
fleet owner wants the most cost-effective vehicle, one that will perform efficiently with near-zero
downtime, and with the lowest repair cost. The vehicles in this study were examined to compare
and contrast various fuel types and their relationship to the overall average maintenance cost.
Medium and heavy-duty trucks were divided into subgroups to determine the effects of the fuel
on five maintenance areas of the vehicles. This study illustrates the benefits of alternative fuels
and their comparison to diesel fuel. Natural gas, LPG, and diesel were under investigation to find
the average cost per mile for the selected vocations to provide a thorough analysis to inform the
decision-making process for fleet vehicle procurement. After 100,000- and 150,000-mile ranges,
natural gas and LPG school buses had a lower average overall cost per mile compared to the
diesel-powered school buses. Delivery vehicles also favored the alternative fuels due to the urban
driving conditions and stop and go nature of this vocation. Goods movement, having a low
percentage of stops and a high percentage of cruise operation, also favored the alternative fueled
vehicles purely in maintenance cost. The primary drivers in the cost to maintain the vehicles
were the repairs in the engine and transmission and exhaust and emission systems. The costs in
these two areas were consistently lower for the alternative fuel vehicles. These vehicles, on
average, had higher periodic maintenance costs, however the overall average cost per mile was
still lower for the lifespan of the alternative fueled vehicles than their diesel counterparts.
This preliminary study provided an in-depth analysis of the difference in maintenance
cost with the use of alternative fuel and diesel in medium (MD) and heavy-duty (HD) vehicles.
Conclusions were drawn based on data analysis of the three vocations and fuel sources. The
results of this study depicted the differences on a cost per mile basis over the life of the vehicle.
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In conclusion, the school bus overall average maintenance costs for the alternative fueled
vehicles were lower than the diesel vehicles. Alternative fueled buses are less expensive to
maintain than diesel powered buses over the span of 150,000 miles based on the analysis of the
data from the 30 school buses recorded from four different fleets. Upon examination of the data,
all of the fuel’s maintenance cost increased with mileage, diesel buses showed the largest cost
per mile rise of the three fuels and natural gas had the lowest cost per mile.
The maintenance cost of diesel delivery vehicles was more expensive over the span of the
data recorded compared to the LPG vehicles. Out of the 5 delivery vehicles, the three diesels
showed a decrease in average overall maintenance cost with large initial costs. One can assert
that the reduction in corrective repairs led to a lower average overall maintenance cost for the
100,000- and 150,000-mile intervals. The two LPG vehicles increased in cost over the recorded
mileage intervals. The final interval, 150,000-mile showed negligible cost differences between
the LPG and diesel vehicles.
The goods movement vehicles data indicated that the overall average maintenance cost of
natural gas-powered vehicles was less expensive than the diesel vehicles. The study included 88
vehicles from three separate fleets, 71 of which were natural gas, and 17 were diesel. The
vehicles followed an increasing overall maintenance cost trend regardless of the fuel as the
mileage increased for the intervals.
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6.2 Future Work
Every study is restricted by the amount of data that can be collected. As environmental
concerns grow and alternative fuels continue to be investigated by future researchers, the
quantity and quality of data will only increase. The author of this study recommends increasing
the number of trucks recorded for each mileage interval in order to give the data trends more
rigidity. Two alternative fuels were reported in this study, but an increase of diversity in the
alternative fuels investigated will open opportunities to greater understand the possibilities for
this new industry. A comparative study should be conducted to investigate the overall average
cost over the lifespan of an internal combustion engine compared to both electric motor
technology and hydrogen fuel cells. Due to the nature of the vocations medium and heavy-duty
vehicles are operating within, further work is required to investigate the effectiveness of the
various fuels with respect to the weight of the actual payloads on a cost per pound per mile basis.
There are additional aspects of the conversion to alternative fuels that were outside of the
scope of this study but deserve further consideration. Most developed countries currently only
have the infrastructure for gasoline and diesel refueling, with electric vehicle charging stations
beginning to become more mainstream and well dispersed. There are great costs that will be
accrued in the process of adopting alternative fuel powered fleets. Expenses will include
converting fueling infrastructure, training technicians, and equipping the service sector.
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Figure 6: Flow chart of the cost per mile calculations for the overall average cost and the
subcomponent average costs.
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Figure 7: Flowchart for the MATLAB decision process and cost per mile calculations.

61

1.2

Cost/Mile($/mi)

1

0.8

0.6

Diesel

0.4

Natural
Gas

0.2

0
50

100

Mileage (Thousand Miles)

Figure 8: The relationship between diesel, natural gas, and LPG fueled refuse vehicles
average cost per mile of the different fuels. Data bars represent the variation of the data
with the maximum and minimum average cost per mile for the mileage intervals for the
different fuels.

Table 6: Average Cost Per Mile ($/mile) for the Useful Life of Refuse Vehicles
Subcomponents

Diesel

Natural Gas

Engine & Trans. ($/mile)

0.58

0.62

Stand. Dev. ($/mile)

N/A

±0.024

Exhaust & Emiss. ($/mile)

N/A

N/A

Stand. Dev. ($/mile)

N/A

N/A

Tire & Brake ($/mile)

N/A

1.23

Stand. Dev. ($/mile)

N/A

±0.1

Fuel System ($/mile)

N/A

N/A

Stand. Dev. ($/mile)

N/A

N/A

Chassis ($/mile)

N/A

0.512

Stand. Dev. ($/mile)

N/A

±0.112
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Figure 9: The relationship between diesel, natural gas, and LPG fueled vocational vehicles
average cost per mile of the different fuels. Data bars represent the variation of the data
with the maximum and minimum average cost per mile for the mileage intervals for the
different fuels.
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Table 7: Average Cost Per Mile ($/mile) for the Useful Life of Vocational Vehicles in units
of $/mile
Subcomponents

Diesel

Natural Gas

LPG

Engine & Trans. ($/mile)

0.747

0.934

0.073

Stand. Dev. ($/mile)

±0.84

±1.144

N/A

Exhaust & Emiss. ($/mile)

N/A

N/A

N/A

Stand. Dev. ($/mile)

N/A

N/A

N/A

Tire & Brake ($/mile)

N/A

0.439

N/A

Stand. Dev. ($/mile)

N/A

±0.044

N/A

Fuel System ($/mile)

N/A

0.283

N/A

Stand. Dev. ($/mile)

N/A

N/A

N/A

Chassis ($/mile)

0.104

0.799

0.041

Stand. Dev. ($/mile)

±0.026

±1.222

±0.0006

